High-throughput essentiality screens have enabled genome-wide assessments of the genetic requirements for growth and survival of a variety of bacteria in different experimental models. The reliance in many of these studies on transposon (Tn)-based gene inactivation has, however, limited the ability to probe essential gene function or design targeted screens. We interrogated the potential of targeted, large-scale, pooled CRISPR interference (CRISPRi)-based screens to extend conventional Tn approaches in mycobacteria through the capacity for positionally regulable gene repression. Here, we report the utility of the "CRISPRi-Seq" method for targeted, pooled essentiality screening, confirming strong overlap with TnSeq datasets. In addition, we exploit this high-throughput approach to provide insight into CRISPRi functionality. By interrogating polar effects and combining image-based phenotyping with CRISPRimediated depletion of selected essential genes, we demonstrate that CRISPRi-Seq can functionally validate Transcriptional Units within operons. Together, these observations suggest the utility of CRISPRiSeq to provide insights into (myco)bacterial gene regulation and expression on a genome-wide scale.
INTRODUCTION
Gene essentiality has been invoked extensively in both fundamental and applied studies of bacterial physiology and function 1 . For bacterial pathogens, classifications of essential genes can provide key insights into mechanisms of pathogenesis, as well as identifying potential vulnerabilities for new antibiotic drug-discovery 2 . It is not surprising, therefore, that elucidating essential genes and gene functionswhether as core or conditionally essential -has been a major focus in studies of Mycobacterium tuberculosis, causative agent of tuberculosis (TB). As for many other bacterial systems, genome-wide approaches to assigning gene essentiality in M. tuberculosis have primarily utilised forward genetic screens based on transposon (Tn) insertion mutagenesis 3 . One of the earliest applications of this technique, dubbed TraSH, for transposon site hybridization 4 , was quickly adapted in subsequent essentiality screens that incorporated NGS for transposon detection and analysis [5] [6] [7] , offering increasing depth of coverage and confidence in essentiality calls. This next generation of Tn-Seq approaches has been applied to questions of conditional essentiality in infection models 8 and, more recently, to elucidate differential gene essentialities between clinical M. tuberculosis isolates 9 .
The indubitable utility of Tn mutagenesis in identifying essential genes contrasts with its inability to allow downstream analysis of the phenotypes of those very same essential genes: the insertions are, by definition, lethal and the mutants are eliminated from the pool 10 . To address this limitation, regulable knockdown systems incorporating inducible promoter replacements 11 , in some cases in combination with targeted protein degradation 12 , have been developed and enable controlled validation and nuanced phenotyping of essential and conditionally essential genes identified by Tn-Seq. These are difficult to scale, though, and complex to design, generate and validate, requiring labour-intensive maintenance and propagation. The pioneering development 13 of a mycobacterial knockdown system based on CRISPR interference (CRISPRi) ( Figure 1A ) presents an efficient alternative for large-scale library construction, with the capacity for rapid validation and the potential to titrate repression 14 . However, since CRISPRi depends on the use of custom single guide RNAs (sgRNAs) which can have variable and unpredictable efficacies, and given the paucity of guidelines for the design of sgRNAs for variant Cas9 endonucleases 15 , initial characterization of the ability of a specific guide sequence to repress transcription represents a key requirement for the subsequent use of CRISPRi in phenotypic assays.
CRISPR-based techniques have transformed eukaryotic cell biology, with large-scale pooled and arrayed
CRISPRi libraries enabling high-throughput screens utilizing gain-of-function or loss-of-function assays to acquire insights into multiple biological mechanisms including cellular function, drug resistance and vulnerability 16 . More recently, the same approaches have gained traction in bacterial studies 17 , heralding the widespread application of this technology and derivatives to elucidate fundamental mechanisms of bacterial gene expression, regulation, and function [18] [19] [20] . As pooled libraries can incorporate guide redundancy to ensure efficient repression, pooled CRISPRi screens offer the opportunity to extend and supplement Tn-Seq, leveraging the power of scale to identify essential genes while empirically identifying the sgRNAs that are most effective at targeting them. In this way, CRISPRi screens can combine essentiality screening with rapid hit validation.
New tools require thorough characterisation. Whereas E. coli screens have utilised the catalytically inactivated dCas9 from S. pyogenes (Spy) 17 , the mycobacterial CRISPRi system incorporates dCas9 from
S. thermophilus (Sth)
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. It is necessary, therefore, to elucidate generalizable features that make for effective sgRNA design in this system, in addition to providing key insights into the factors which might impact gene essentiality classifications based on mycobacterial CRISPRi analyses. For example, uncertainty surrounds the vulnerability of CRISPRi to mis-assignments owing to polar effects: the simultaneous (untargeted)
repression of genes downstream of a targeting sgRNA owing to transcriptional interference in the synthesis of a polycistronic mRNA. To date, characterisation of polar effects has depended primarily on the concept of the operon -a series of genes, often functionally related, that is transcribed in a single mRNA molecule.
Little attention, though, has been paid to the observation that operons are described to fluctuate in structure:
multiple mRNAs, or Transcriptional Units (TUs) can be produced from a single operon in a growth conditiondependent manner owing to the presence of alternative promoters, terminators, or other regulatory features (e.g., riboswitches) 22, 23 . The potential susceptibility of CRISPRi to polar effects may, therefore, provide an opportunity to exploit pooled CRISPRi screens to explore operon biology at a genome-wide scale, using gene essentiality to identify and deconvolute functionally important TUs.
Here, we report the design, construction, and analysis of a pooled CRISPRi library in mycobacteria, specifically targeting M. smegmatis homologues of M. tuberculosis genes. To validate this strategy, termed
CRISPRi-Seq, we compare our results to gene essentialities inferred from Tn-Seq analysis of M.
smegmatis, benchmarked against Tn-Seq datasets for M. tuberculosis. We utilise CRISPRi-Seq to derive critical information about the characteristics making for effective targeting by an sgRNA, and empirically identify highly active sgRNAs for targeting essential genes. Finally, we leverage CRISPRi-Seq to probe operon biology, using polar effects to identify functionally-relevant TUs within operons, both on a genomewide scale, and for a single operon containing essential genes for cell division and cell wall maintenance.
RESULTS
A CRISPRi library targeting M. smegmatis homologues of M. tuberculosis genes
To provide a comparator for CRISPRi-Seq analyses of inferred gene essentiality, we performed Tn-Seq on wild-type M. smegmatis mc 2 155 after selection under standard aerobic growth conditions in vitro. The resulting data were analyzed using the Transit package 24 and constitute the first published Tn-Seq essentiality analysis in M. smegmatis (Supplementary Data). For CRISPRi-Seq, we implemented a workflow incorporating in silico design of sgRNAs, pooled oligonucleotide synthesis and en masse plasmid delivery into a defined mycobacterial reporter strain ( Figure 1B ) 16 . In validating this approach, we targeted genes with identified homology 25 between M. smegmatis and M. tuberculosis ( Figure 1B) , thereby focusing our screen on common mycobacterial functions relevant to the pathogen. According to our Tn-Seq analysis, the set of M. tuberculosis homologs comprised a combination of essential (ES) and non-essential (NE) genes, as well as genes affecting the in vitro growth rate -either growth defective (GD) or growth advantageous (GA) (Figure 2A ). Of the 2,385 genes identified, 22 could not be targeted by Tn-Seq as they did not contain any -TA-dinucleotides required for random insertion of the MycoMarT7 phage 26 .
All sgRNAs were targeted to the non-template strand of the Open Reading Frame (ORF), defined as the distance between a bioinformatically identified start and stop codon 27 , to block transcription elongation.
Optimal sgRNA selection required a custom bioinformatics pipeline (Supplementary Figure 1) that aimed to avoid off-target effects and potential constraints of oligonucleotide synthesis. From the resulting curated list, we selected up to five sgRNAs per gene ( Figure 2B ) to account for variability in guide efficacy. The sgRNA library, which comprised 11,467 sgRNAs across 2,385 genes ( Figure 2C ), was synthesised as a pool and cloned into the dCas9-expressing vector 21 using modified Gibson assembly. Sequencing of the resulting plasmid library revealed that 99.99% of the sgRNAs were present, with only ten of the designed sgRNAs missing (Supplementary Figure 2) .
CRISPRi-Seq refines M. smegmatis gene essentiality predictions
To demonstrate the utility of CRISPRi-Seq in mycobacteria, we aimed to perform an essentiality screen in all genes required for optimal growth -that is, those classified by Transit as "growth defect" (GD) or "essential" (ES) -as equivalent to an essentiality call by MAGeCK-VISPR. This analysis revealed significant overlap (228 genes) between the three datasets, with CRISPRi identifying a number of essential genes that had not been identified in our Tn-Seq screen.
Essentiality analysis is dependent on the bioinformatics pipeline utilised; therefore, we aimed to optimise our essentiality calls further by applying a Bayesian Analysis of Gene Essentiality (BAGEL) approach 33 
Knockdown efficacy depends on PAM Sequence, and is largely unaffected by sgRNA placement in the Open Reading Frame
In addition to assignments of essentiality, we aimed to utilise our dataset to quantify knockdown efficacies for sgRNAs targeting identified essential genes (Supplementary Data) and to gain insight into the factors which determine sgRNA efficacy.
The Sth dCas9 utilised in the mycobacterial CRISPRi system 21 requires a 7 nucleotide protospacer adjacent motif (PAM) sequence whereas the better characterised Spy dCas9 recognises a 3 nucleotide PAM 35 . The longer Sth dCas9 sequence is necessary for CRISPR function and, although variations in the PAM sequence can be tolerated, they are associated with a decline in repression efficacy 21 . We examined the genome-scale impact of PAM sequence variation by analysing the relationship between the PAM Score -a measure of variations in the PAM sequence 36 -and knockdown efficacy (Supplementary Table 1 Transcriptional repression by dCas9 depends on two probabilities 14 : the probability of the catalytically inactivated dCas9 nuclease blocking RNA polymerase on collision, and the probability of dCas9 occupying the target -itself a product of the dCas9 binding affinity, protein concentration, and rate of unbinding (either transcription-dependent or transcription-independent). Our data represent constant concentrations of dCas9 across the population and, for a single gene, presumably consistent rates of transcription-dependent collision. Therefore, we wondered if, for a single gene, PAM score alone determined dCas9 binding and unbinding and, consequently, could predict knockdown efficacy. For single genes, we calculated the differences in repression for sgRNAs with the same PAM scores ( Figure 4C ): if PAM score alone predicted efficacy, differences in repression should display a tight normal distribution. The distribution of differences across non-essential genes was only affected by sampling randomness (as there was no repression), and was more tightly distributed than the equivalent distribution for essential genes. This result suggested strongly that, though highly predictive of sgRNA efficacy, PAM score alone could not account for dCas9
binding and transcription-independent unbinding.
We also considered whether the location of the sgRNA on the ORF impacted sgRNA efficacy. Intuitively, we assumed that sgRNAs closer to the 5' end of the ORF would lead to more effective knockdown. 
CRISPRi-Seq identifies essential Transcriptional Units
Our CRISPRi-Seq analysis identified 83 M. smegmatis genes as essential which were not similarly classified by Tn-Seq in either the recent M. tuberculosis dataset 7 or our own M. smegmatis dataset. As noted above, five of the 22 genes lacking -TA-sites were identified as essential by CRISPRi-Seq, representing one (predictable) benefit of CRISPRi-Seq over Tn-Seq. An additional 7 genes, when compared to either Sassetti 4 or Griffin 5 Tn screens, showed some evidence of essentiality. CRISPRi is known to have polar effects on downstream genes within operons 17, 21, 38 , potentially confounding calls of essentiality. Therefore, we asked if polar effects ( Figure 5A ) might account -even partially -for the 71 remaining differences in essentiality calls between CRISPRi-Seq and Tn-Seq.
Computational predictions of operons have been performed in a large number of bacterial species 39 .
However, these predictions largely depend on a definition of the operon that excludes overlap between operons and ignores variant transcripts within an operon 23 . For initial polar effect analysis, we adopted noncontiguous operon prediction by DOOR as standard. We excluded 31 of the 71 discrepant calls as they were predicted to be either standalone genes or the final gene in a predicted operon. These discrepant calls may represent false-negatives of the Tn-Seq analysis, or false positives from CRISPRi-Seq. Notably, A large number of genes (99) with possible polar effects was classified NE by CRISPRi-Seq. This was unexpected, and prompted further analysis of publicly available RNA-Seq datasets 40 . Although operons have traditionally been considered a fixed means of co-regulating genes, evidence exists that transcription across an operon is more dynamic than initially appreciated: whole operons, or portions of operons, can be flexibly transcribed in a growth condition-dependent manner 22 , perhaps consistent with the dynamism of higher order chromosomal organization 41, 42 . In RNA-Seq data, TUs are observable with peaks in the read counts at the position of transcription start sites (TSSs), followed by consistent transcription (as determined by read counts) of downstream genes, and eventual transcription termination 43 ( Figure 5A ). Strikingly, of the 99 genes whose depletion was not associated with polar effects, the majority (62%) appeared to be located in TUs that differed from their predicted operon structures: that is, these genes were characterized by an increase in read count prior to the downstream essential gene (Supplementary data). In turn, this suggested that discrepancies between Tn-Seq and CRISPRi-Seq might be used in conjunction with RNASeq data and information about TSS locations to identify functional TUs.
CRISPRi-Seq enables phenotyping and functional validation of Transcriptional Units
While systems-level differences between Tn-Seq and CRISPRi-Seq calls can be used to identify essential TUs, difficulties arise where Tn-Seq and CRISPRi-Seq converge on calls of essentiality: in an operon where all calls are essential, discrepancies cannot be used to identify polar effects, nor discern functional TUs, even where RNA-Seq traces vary within the predicted operon. We speculated that the ability to phenotype predicted essential genes rapidly -for example, using image-based analyses -might be leveraged to validate functional TUs within putative operons entirely comprising essential genes. The division and cell wall (dcw) operon presented an intriguing system to evaluate this idea, offering an opportunity to combine transcriptomic data, CRISPRi-induced polar effects, and terminal image-based phenotyping to validate the functional TUs within this operon. Four genes (murC, murD, mraY and murG) within the dcw operon are 
Previous experimental observations support the classification of dcw as an operon in Mtb
44
, and this has also been suggested by RNA-Seq in M. smegmatis 45 . However, other publically available RNA-Seq data of M. smegmatis (smegmatis.wadsworth.org) indicate that there may be multiple TUs present within the operon ( Figure 6C ). To discern possible functional TUs within dcw, we targeted five genes situated centrally in the operon and identified as essential by both CRISPRi-Seq and Tn-Seq. For these, we re-synthesised the most active sgRNAs (Supplementary data) to create single-knockdown clones in the parB-mCherry reporter background. Importantly, we were able to select highly active sgRNAs located at different points across dcw, with the exception of ftsQ, for which no highly active sgRNAs had been identified in our screen. 
DISCUSSION
Evidence that the bacterial genome is structurally and functionally dynamic 42, [47] [48] [49] Recent work utilising the Spy dCas9 in E. coli has shown that repression efficiency can vary significantly across the same gene for different sgRNAs 17 . By focusing on identified M. smegmatis essential genes and using viability as a marker of guide efficacy, we observed the same effect with Sth dCas9 in the mycobacterial CRISPRi system. Here, the capacity of the Sth dCas9 to recognise variations in the PAM sequence, but with a negative impact on knockdown efficacies, was strongly evident. In general, it appeared that low PAM Scores resulted in more effective knockdown, although some sgRNAs with PAM Scores above the recommended value of 15 (Ref. 13) were effective. Importantly, PAM Score alone was not predictive of knockdown efficacy, even for sgRNAs targeting the same ORF; this reinforces the pervasive difficulty in sgRNA selection, while highlighting the value of the empirical guide efficacy data generated by CRISPRi-Seq. Similar to CRISPRi in E. coli 17 , we observed that location of the sgRNA sequence anywhere within the ORF might lead to effective knockdown; this was consistent with the report in mycobacteria 21 , but in stark contrast to early descriptions of bacterial CRISPRi
38
. Interestingly, as described elsewhere 37 , the increased resolution of CRISPRi-Seq established that the first 5% of the ORF appeared to produce more effective knockdown -possibly owing to the resulting proximity of the dCas9 complex to the promoter.
We investigated a target organism, M. smegmatis, with different (slower) growth and structural (Gram positive) characteristics from the E. coli workhorse utilised in other pooled CRISPRi screens 17 . In addition,
the CRISPRi system employed a dCas9 of distinct origin. Perhaps owing to these differences, and the dominant effect of PAM Score, we were unable to identify the "bad seed" effect -off-target effects due to sgRNA seed similarity -described previously 17 . We attempted to leverage our dataset to design analysis pipelines that might increase our ability to select highly-active sgRNAs, as has been described for eukaryotic systems 55 , however these efforts have proved unsuccessful to date (scripts available on request). Libraries designed expressly to probe these aspects may provide more insight.
Although polar effects might be considered a confounder to the analysis of CRISPRi-Seq data, we combined operon predictions and the absence of predicted polar effects with publically available RNA-Seq data to gain fundamental insights into operon biology. The detection via this analysis of 71 clear polar effects provides experimental validation of the corresponding operon structures. More interestingly, the absence of polar effects in predicted operons led us to identify multiple TUs within 60% of these predicted operons. Attempts have been made at reclassifying operon structure using RNA-Seq data 45 ; however, the functional TUs identified in our screen, when combined with an alternative RNA-Seq dataset, contradict a significant proportion of the reclassified operons (Supplementary Data). These discrepancies may be attributable to functional TUs changing in a condition-dependent manner 23, 39 , or to the presence of multiple, overlapping TUs. Further experimental validation is required to clarify this possibility, preferably utilizing long-read RNA sequencing.
The results reported here demonstrate the utility of RNA-Seq for informing optimal guide placement and identifying potential polar effects. Analyzing discrepancies between dcw operon descriptions 29, 44 and RNASeq data on a single gene, single guide, single cell level, also revealed the potential of CRISPRi-Seq to probe the functional transcriptome -specifically, enabling the functional demonstration of multiple TUs within a single operon. The transcriptional uncoupling of these core components of peptidoglycan synthesis and cell division within a single operon contrasts with a traditional understanding of the operon as a dominant mediator of co-transcription. Moreover, given recent interest in the spatial and temporal coordination of cell wall construction and maintenance in mycobacteria [56] [57] [58] [59] , the detection of TUs within dcw suggests further research is required to reveal the full suite of regulatory mechanisms employed in ensuring optimal function of this and related pathways. To this end, the identification of highly active sgRNAs at various points within dcw (and other operons) might be very useful, particularly when combined with the expanding suite of available chemical biology reagents and analytical techniques for probing mycobacterial cell structure and function [60] [61] [62] [63] [64] .
The notion of bacterial genomes as static has been discarded through the results of multiple post-genomic techniques which have revealed the capacity for dynamic alterations in, and interactions between, chromosomal structure 41, 49 , composition, and function 42, 47, 48 . Even gene essentiality, long considered a binary trait, is now recognized as conditional and evolvable 
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MATERIALS AND METHODS
Construction of Transposon (Tn) Insertion Libraries
MycoMarT7 phage stock preparation and M. smegmatis transduction was performed as described 65 . . For each sgRNA in the ORF of the selected genes, we calculated the GC content, number of homopolymer repeats, and a "mismatch" score by aligning the sgRNA to the M. smegmatis genome using Rbowtie 67 . We proceeded to rank sgRNAs, in order, by PAM score, mismatch score, GC content and homopolymer repeat count. The top 5 ranked guides were selected for each gene, after which homologous vector sequence was added to either side of the sgRNA sequence to produce a single ~109 bp sequence.
The complete script is available at osf.io/zh5t9. 11,467 oligos (Supplementary data) were designed in this way, and synthesised by CustomArray (Bothell, WA).
CRISPRi Plasmid Library Assembly
The assembly protocol was adapted from a previous report 16 . 
CRISPRi Library Validation
The pooled plasmid library was sequenced through targeted amplicon sequencing of the variable sgRNA region. Briefly, custom Illumina primers targeted to the vector sequence surrounding the sgRNA were used to PCR amplify the region of interest, in a single PCR reaction, with Q5 Hot-Start High-Fidelity Master Mix (NEB). The reaction product was gel purified and quantified using a Nanodrop and Qubit, before being sequenced on an Illumina MiSeq (myGenomics Inc., GA, USA), providing ~10 million PE reads. Reads were processed using an adapted version of the script described by Joung et al. 16 calculating library coverage, and skew (the adapted script is available at osf.io/zh5t9).
CRISPRi M. smegmatis Library Creation
The validated plasmid library was electroporated into an M. smegmatis mc 
CRISPRi Negative Selection Screen
For the negative selection screen, equal volumes of ~10 5 CFU were plated on 7H10 agar plates containing Kanamycin (20µg/ml), with or without ATc (100ng/ml). Plates were incubated at 37 o C for 2-3 days until visible colonies formed, after which the plate was scraped and the genomic DNA prepped using a standard CTAB extraction. Three replicates were performed for each selection screen. An amplicon library of the sgRNA sequences was prepared from the genomic DNA by PCR amplifying the vector sequence as described for plasmid library prep. Sequencing was performed by myGenomics Inc.(USA) on an Illumina
MiSeq, providing 2 million PE reads for each replicate. Reads were pre-processed using cutadapt(v1.1.4) 68 to remove primer sequence. To analyse data, MAGeCK-VISPR (v0.5.3) 29 and BAGEL (v0.91) 33 were used to generate calls of essentiality. Scripts and data used for analysis are available at osf.io/zh5t9.
Polar Effect Analysis
For polar effect analysis, we obtained operon predictions from DOOR 39 and combined these with our TnSeq essentiality data using a custom R script. For each gene in an operon, we noted whether or not there was an essential or growth defect-associated gene located downstream in that particular operon, we further smegmatis) in the same operon were considered polar effects. Genes that were called non-essential by Tn-Seq, and non-essential by CRISPRi, but had downstream essentials were manually examined by observation of RNA-Seq data (smegmatis.wadsworth.org). The full R analysis script and raw data are available at osf.io/xs7q2.
sgRNA Efficacy Analysis
For sgRNA efficacy analysis, we selected all sgRNAs targeting genes identified as essential by BAGEL.
For each sgRNA, we calculated a suppression ratio by taking the log2 of the ratio of induced to uninduced read counts. For analysis of PAM score effects, we compared the suppression ratios between PAM scores.
To discern the impact of PAM on single genes, we calculated pairwise comparisons of sgRNA log2 ratios for sgRNAs targeting a single gene, with the same PAM score. We compared the variance of essential, to non-essential gene pairwise comparisons. For analysis of the impact on efficacy of location of an sgRNA within an ORF, we calculated the relative location along the ORF by dividing the distance of the sgRNA from the TSS by the total length of the ORF. The suppression ratio was plotted against this relative location.
The full R analysis script and raw data are available at osf.io/8qd75.
Phenotyping of TUs
We constructed single-gene knockdowns by synthesising short oligonucleotides corresponding to highlyactive sgRNAs identified in our pooled screen. These were annealed and ligated into the same plasmid used for screening, as described previously 21 . Plasmids were electroporated into the same M. smegmatis ParB-mCherry strain used for the pooled screen. Strain knockdowns were induced, and imaged, as described below.
Microscopy
For imaging CRISPRi terminal phenotypes of individual mutants, an exponential phase culture (OD600 ~ 0.8) of each mutant was diluted 1:64 into fresh 7H9 OADC containing ATc (100ng/ml) and Kanamycin (20µg/ml), and incubated at 37 o C for 18 hours with shaking. Cells were inoculated onto low-melt agarose pads and imaged on a Zeiss AxioObserver using a 100X, 1.4NA Objective with Phase Contrast and Colibri.7 fluorescent illumination system. Images were captured using a Zeiss Axiocam 503. For strains with terminal phenotypes appearing lytic, time-lapse microscopy was performed.
Time-lapse Microscopy
For time-lapse microscopy, 1.5% low-melt agarose pads were prepared and were embedded with 7H9 media supplemented with OADC and glycerol. For induction of CRISPRi, 100ng/ml of ATc was added to the pad. Exponential phase cells (OD600 ~ 0.8) were diluted to an OD of 0.1, with media containing 100ng/ml ATc and Kanamycin (20µg/ml), and exposed to ATc at 37 o C for 6 hours. The exposed culture was filtered through a 5µm filter, and inoculated onto pads. Pads were imaged in the base of a glass-bottomed petri dish, on the Zeiss Axio Observer described previously, within an incubated stage at 37 o C. Images were taken every 15 minutes, for approximately 18 hours.
